Abstract. Atmospheric deposition of Hg(II) represents a major input of mercury to surface environments. The phase of Hg(II) (gas or particle) has important implications for deposition. We use long-term observations of reactive gaseous mercury (RGM, the gaseous component of Hg(II)), particle-bound mercury (PBM, the particulate component of Hg(II)), fine particulate matter (PM 2.5 ), and temperature (T ) at five sites in North America to derive an empirical gas-particle partitioning relationship log 10 (K −1 ) = (10±1)-(2500±300)/T where K = (PBM/PM 2.5 )/RGM with PBM and RGM in common mixing ratio units, PM 2.5 in µg m −3 , and T in K. This relationship is within the range of previous work but is based on far more extensive data from multiple sites. We implement this empirical relationship in the GEOS-Chem global 3-D Hg model to partition Hg(II) between the gas and particle phases. The resulting gas-phase fraction of Hg(II) ranges from over 90 % in warm air with little aerosol to less than 10 % in cold air with high aerosol. Hg deposition to high latitudes increases because of more efficient scavenging of particulate Hg(II) by precipitating snow. Model comparison to Hg observations at the North American surface sites suggests that subsidence from the free troposphere (warm air, low aerosol) is a major factor driving the seasonality of RGM, while elevated PBM is mostly associated with high aerosol loads. Simulation of RGM and PBM at these sites is improved by including fast in-plume reduction of Hg(II) emitted from coal combustion and by assuming that anthropogenic particulate Hg(p) behaves as semivolatile Hg(II) rather than as a refractory particulate component. We improve the simulation of Hg wet deposition fluxes in the US relative to a previous version of GEOS-Chem; this largely reflects independent improvement of the washout algorithm. The observed wintertime minimum in wet deposition fluxes is attributed to inefficient snow scavenging of gas-phase Hg(II).
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H. M. Amos et al.: Gas-particle partitioning of atmospheric Hg(II) 2007). Human exposure in developed countries is mainly through consumption of contaminated fish (Mahaffey et al., 2004; . As a result of anthropogenic emissions, deposition to the oceans has increased roughly threefold since the pre-industrial era (Mason and Sheu, 2002; Sunderland and Mason, 2007) . Mercury is released to the atmosphere mainly as elemental mercury (Hg(0)), though combustion processes also emit divalent mercury (Hg(II)). Hg(0) in the atmosphere can eventually be oxidized to Hg(II). Hg(II) compounds have low vapor pressure (HgCl 2 8.99×10 −3 Pa at 20 • C, HgO 9.20×10 −12 Pa at 25 • C), and thus partition between the gas and particle phases and are removed by wet and dry deposition (Schroeder and Munthe, 1998; Lin et al., 2006) . The phase partitioning of Hg(II) has important implications for deposition because gases and particles are deposited by different physical processes and at different rates (Seinfeld and Pandis, 2006) . Hg(0) has a high vapor pressure (0.18 Pa at 20 • C, Schroeder and Munthe, 1998) so that its sorption to particles is thought to be generally negligible (Seigneur et al., 1998) . Here we use long-term observational records of speciated atmospheric Hg to develop a mechanistic parameterization of Hg(II) gas-particle partitioning and apply it to a simulation of Hg deposition in the GEOS-Chem global 3-D chemical transport model (CTM) . There is considerable uncertainty regarding the atmospheric redox chemistry of Hg (Hynes et al., 2009) , and atmospheric measurement methods are subject to artifacts . Current measurements use an operationally defined method for quantifying reactive gaseous mercury (RGM) and fine fraction (<2.5 µm) particle-bound mercury (PBM) (Lamborg et al., 1995; Keeler et al., 1995; Landis et al., 2002) . Rutter and Schauer (2007b) investigated the mechanism of Hg partitioning in air by fitting urban and laboratory data for RGM and PBM to a temperaturedependent expression for Hg(II) sorption onto PM smaller than 2.5 µm in diameter (PM 2.5 ). This approach is similar to parameterizations previously developed for other semivolatile species including polycyclic aromatic hydrocarbons (Yamasaki et al., 1982; Pankow, 1987) and secondary organic compounds (Pankow, 1994; Odum et al., 1996; Chung and Seinfeld, 2002) .
Little was known about Hg(II) gas-particle partitioning prior to the work of Rutter and Schauer et al. (2007a, b) . Earlier models of atmospheric Hg included parameterizations for the sorption of dissolved Hg species to soot particles suspended in cloud water (Petersen et al., 1998; Seigneur et al., 2001; Bullock and Brehme, 2002; Dastoor and Larocque, 2004 ) based on experimental results from Petersen et al. (1995) and Seigneur et al. (1998) . In more recent years, models of atmospheric Hg have taken various approaches to treating Hg(II) gas-particle partitioning. Vijayaraghavan et al. (2008) implemented the temperature-dependent Hg(II) gas-particle partitioning formulation of Rutter and Schauer (2007b) into a regional model for the United States. Previous versions of GEOS-Chem have either assumed atmospheric Hg(II) to be entirely gas-phase (Selin et al., 2007 or 50/50 gas/particle .
Here we use long-term RGM and PBM observations at five sites in North America to derive an empirical gas-particle Hg(II) partitioning coefficient as a function of PM 2.5 and temperature, following the approach of Rutter and Schauer (2007b) but with a much larger data set. We show that a single parameterization can describe the Hg(II) partitioning across sites, and compare the resulting GEOS-Chem simulation to observations. The implications for global Hg deposition are discussed.
2 Hg(II) gas-particle partitioning RGM and PBM data were obtained from five sites: Reno, Nevada; Thompson Farm, New Hampshire; Outlying Landing Field (Pensacola), Florida; Experimental Lakes Area, Ontario; and Milwaukee, Wisconsin (Table 1) . The Experimental Lakes site includes 4 years of data, the Reno site 2 years, and the others one year or slightly less. Figures 1 and  2 show the spatial and seasonal distributions of the data and are discussed in Sect. 4.
All Hg measurements were collected with Tekran mercury analyzers (2537A, 1130, and 1135 units) . Air is drawn through a heated (50 • C) impactor which removes coarse (>2.5 µm) particles from the air stream, then through a Rutter and Schauer (2007b) a Measurements of RGM and PBM were made by Tekran instruments unless otherwise indicated. b Hg collected using filter-based methods (Rutter and Schauer, 2007a, b KCl-coated annual denuder to collect RGM, followed by a quartz fiber filter to collect PBM (Landis et al., 2002) . The filter and denuder are sequentially heated to 800 • C and 500 • C, respectively, to thermally desorb the collected RGM and PBM. The desorbed RGM and PBM are sequentially reduced to Hg(0) as they pass through an 800 • C pyrolyzer and are finally analyzed as Hg(0) by cold vapor atomic fluorescence spectroscopy (CVAFS). Previous work has suggested that there are artifacts associated with PBM collection (Lynam and Keeler, 2005; Malcolm and Keeler, 2007; Rutter et al., 2008a; Talbot et al., 2011) and interferences with the collection of RGM on KCl coated denuders (Lyman et al., 2010) . Keeping the limitations of the Tekran instrument in mind, we use them in the absence of other information. We parameterize the partitioning of Hg(II) between the gas and particle phases with a partitioning coefficient K (Rutter and Schauer, 2007a, b) :
where RGM and PBM are atmospheric mixing ratios (ppq) and PM 2.5 is the dry mass concentration (µg m −3 ). It is assumed that Eq. (1) represents equilibrium between the gas and particle phases of atmospheric Hg(II), and that the major Hg(II) compounds measured as RGM and PBM have similar volatilities so that a single equilibrium constant is applicable. Normalization by PM 2.5 makes the additional assumption that uptake is proportional to the aerosol mass concentration, although adsorption to a solid aerosol phase would be equivalent if a fixed scaling is assumed between the volume and area of the aerosol (Yamasaki et al., 1982; Pankow, 1987; Rutter and Schauer, 2007a, b) . Restriction to fine aerosol (PM 2.5 ) in Eq. (1) is consistent with the size cut-off of the Tekran instrument. Previous applications of Eq.
(1) to polycyclic aromatic hydrocarbons and secondary organic aerosol found a van't Hoff type of relationship between K and the local temperature T (Yamasaki et al., 1982; Pankow, 1987) :
where a and b are coefficients. Figure 3 shows the daily data from the sites in Table 1 fit to Eq. (2). Confidence intervals (95 %) for the slope and intercept are constructed using a bootstrap method. All RGM and PBM observations are averaged over midday hours (10:00-16:00 local time) when vertical mixing is strongest and the air mass being sampled is more likely to be homogenous. PM 2.5 data are 24-h averages as no higher temporal resolution is available. Use of 24-h average RGM and PBM data, as compared to daytime averages, does not significantly change our results. Pankow et al. (1993) suggested that relative humidity (RH) affects gasparticle partitioning of semi-volatile organic compounds. We tested this for Hg by performing a multivariate regression, log 10 (K −1 ) = a + b/T + cRH, and found no significant dependence on RH at any of the sites. Table 2 lists the regression fits for individual sites. We tested them for statistical distinctness following Galarneau et al. (2006) . Reno, Thompson Farm, and Experimental Lakes are statistically indistinct, as are Milwaukee, Pensacola, Thompson Farm, and Experimental Lakes. Reno is distinct from Pensacola and Milwaukee. Differences in aerosol composition between sites would be expected to affect the fits (Rutter and Schauer, 2007a , b) but we do not have composition information to pair with the mercury observations. We investigated seasonal variations in the fits for individual sites but found that the resulting correlations were not robust because of insufficient number of data points and insufficient dynamic range in temperature. The regression fit for the combined data set (all sites) is log(K −1 ) = (10±1)-(2500±300)/T (r 2 = 0.49) and will be used in the analysis below. It is statistically indistinct from the individual regressions for each site except Reno.
Our regression fit for the combined data falls between those reported by Rutter and Schauer (2007b) for urban measurements using a filter-based method and a Tekran instrument (Fig. 3 ). Our fit is statistically indistinct from their laboratory data for partitioning of HgCl 2 with adipic acid aerosol and differs most from their partitioning of HgCl 2 to dry, synthesized (NH 4 ) 2 SO 4 aerosol ( Table 2) . Rutter and Schauer (2007b) hypothesized that the difference in partitioning between their filter-based method and the Tekran instrument could reflect a sampling artifact associated with internally heating the Tekran instrument to 50 • C. Comparison of our regression with the filter-based regression of Rutter and Schauer (2007b) in Fig. 3 would imply a ∼30 • C thermal bias, although the filter-based regression is based on very limited data. We will discuss the effect of the possible thermal bias in the GEOS-Chem simulation of Hg atmospheric concentrations and wet deposition fluxes. (1) and (2). Each point represents one observation day (10:00-16:00 local time) for the color-coded sites in Table 1 . Days with RGM or PBM below 0.34 ppq, or PM 2.5 below 2 µg m −3 , are rejected as below analytical detection limits. Temperature is in K. Also shown is the leastsquares regression line for the ensemble of points (solid) and the regression parameters with 95 % bootstrapped confidence intervals. Shown in dashed grey are the least-squares regression lines from Rutter and Schauer (2007b) for urban data collected using a filterbased method and a Tekran instrument.
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We use version 9-01-01 of the GEOS-Chem Hg coupled atmosphere-ocean-land model (www.geos-chem.org), which includes an atmosphere from Holmes et al. (2010) , a surface ocean from Soerensen et al. (2010) , and a land surface from (0)) and divalent Hg (Hg(II)). Atmospheric Hg(0)/Hg(II) redox chemistry follows Holmes et al. (2010) , with oxidation of Hg (0) by Br atoms and photoreduction of Hg(II) in liquid cloud droplets. Oxidation of Hg (0) by OH/O 3 is an alternative to oxidation by Br in GEOS-Chem ), but we do not use the OH/O 3 reaction scheme (Hall, 1995; Sommar et al., 2001) here because of doubt in the associated kinetics (Calvert and Lindberg, 2005; Hynes et al., 2009; Subir et al., 2011) . Hg(II) is assumed to be in equilibrium between the gas and particle phases at all times. Earlier versions of GEOS-Chem included a separate particulate Hg(p) tracer emitted by combustion and assumed to be inert, but here we assume that Hg(p) is emitted as Hg(II) and merge it with the Hg(II) tracer. This greatly improves the model simulation of PBM at surface sites, as discussed in Sect. 4.
Direct emission of Hg(II) in GEOS-Chem is entirely anthropogenic, while Hg(0) is emitted from both natural and anthropogenic sources (Schroeder and Munthe, 1998 ). Anthropogenic emissions are from the Pacyna et al. (2010) inventory for the year 2005 and are speciated in that inventory as Hg(0), Hg(II), and Hg(p) (which we emit as Hg(II)). Fossil fuel combustion accounts for 46 % of the global anthropogenic source in the Pacyna et al. (2010) inventory with a Hg(0):Hg(II):Hg(p) speciation of 50:40:10. However, observations in power plant plumes by Edgerton et al. (2006) indicate that Hg(0) accounts on average for 84 % of total Hg, much higher than implied by the emission inventory. Similarly, measurements downwind of power plants by WeissPenzias et al. (2011) suggest that the average RGM fraction (21 % and 8 % at two different sites) is much lower than estimated by the local NEI 2002 emission inventory (∼58 %). Dirigible measurements by ter Schure et al. (2011) suggest that the discrepancy does not reflect errors in the emission inventories but instead rapid in-plume reduction operating by a mechanism not found in the background atmosphere.
Several model studies also provide support for in-plume reduction of Hg(II) emitted from power plants (Seigneur et al., 2003; Lohman et al., 2006; Seigneur et al., 2006; Vijayaraghavan et al., 2008; Kos et al., 2011; Y. Zhang et al., 2011) . Y. Zhang et al. (2011) use a 86.5:9.9:3.6 (1) and (2), not including partitioning into sea-salt aerosol which is treated separately following Holmes et al. (2010) .
(Hg(0):Hg(II):Hg(p)) speciation for fossil fuel combustion in a nested version of GEOS-Chem over North America and demonstrate significantly improved comparison to surface Hg observations and Hg wet deposition fluxes from the Mercury Deposition Network (MDN). Kos et al. (2011) implemented a 90:8:2 speciation in the GRAHM global model to better match surface concentrations of RGM and PBM over North America. Here we follow the emission speciation of Y. Zhang et al. (2011) , which is consistent with the above studies and greatly reduces the model bias compared to observations of RGM and PBM (see Sect. 4). This implicit inclusion of Hg(II) in-plume reduction in the model comes with the important caveats that a chemical mechanism has not been indentified and that there are significant uncertainties associated with both the speciation of anthropogenic emission inventories (AMAP/UNEP, 2008) and the methods for measuring atmospheric Hg .
Partitioning of Hg(II) between the gas and particle phases in GEOS-Chem is computed using local GEOS-5 temperature and archived monthly mean 3-D PM 2.5 from a detailed GEOS-Chem aerosol simulation for the year 2007 (L. Zhang et al., 2011a) . PM 2.5 is specified as the sum of sulfate, nitrate, ammonium, carbonaceous, and fine dust particle mass. The resulting Hg(II) particulate fraction in the model ranges from less than 10 % in warm environments with low aerosol to more than 90 % in cold environments with high aerosol (Fig. 4) . Gas-particle partitioning of Hg(II) with sea-salt particles in the marine boundary layer is accounted for separately in GEOS-Chem as described by Holmes et al. (2009 Holmes et al. ( , 2010 , using a physical model for uptake of Hg(II) by seasalt aerosol based on formation of Hg-Cl complexes (Clever et al., 1985; Hedgecock and Pirrone, 2001) .
Dry deposition in GEOS-Chem is computed with a standard resistance-in-series scheme and is much faster for water-soluble gases than for particles (Wesely, 1989) . RGM has been observed to have very high dry deposition velocities (0.4-7.6 cm s −1 ) (Lindberg and Stratton, 1998; Poissant et al., 2004; Skov et al., 2006; Lyman et al., 2007; ) and so a negligibly small surface resistance is assumed for gaseous Hg(II) (Selin et al., 2007) . Dry deposition of particulate Hg(II) follows the standard surface resistance formulation of Wesely (1989) as implemented by Wang et al. (1998) . Global annual mean dry deposition velocities in GEOS-Chem are 0.93 cm s −1 for gaseous Hg(II) and 0.11 cm s −1 for particulate Hg(II).
Wet deposition of Hg(II) in GEOS-Chem includes scavenging from moist convective updrafts as well as rainout and washout by large-scale precipitation (Liu et al., 2001; Holmes et al., 2010) . Gaseous Hg(II) is scavenged as HgCl 2 with a Henry's law constant of 1.4×10 6 M atm −1 (Lindqvist and Rodhe, 1985) . We include recent GEOS-Chem improvements by Wang et al. (2011) , which allow rainout and washout to occur in the same grid box and differentiate between aerosol scavenging by snow and rain. Both gaseous Hg(II) and particulate Hg(II) are retained by supercooled water during freezing . There is observational evidence that falling snow is inefficient at scavenging RGM Sigler et al., 2009; Lombard et al., 2011; Mao et al., 2011 ) and so we do not allow belowcloud scavenging of gaseous Hg(II) by snow. We conducted a 222 Rn-210 Pb simulation (Liu et al., 2001 ) to test the model representation of aerosol deposition. 210 Pb is produced by decay of terrigenic 222 Rn and attaches indiscriminately to aerosols, which are then removed by wet and dry deposition. We obtained a lifetime of tropospheric 210 Pb against deposition of 10.4 days, consistent with a value of about 9 days in previous global 3-D model studies supported by comparisons to 222 Rn and 210 Pb observations (Balkanski et al., 1993; Koch et al., 1996; Liu et al., 2001 ).
An important update in this study is to correct an error in the washout of gases by rain in GEOS-Chem affecting the scavenging of highly soluble gases other than HNO 3 (and including gaseous Hg(II)). The GEOS-Chem washout scheme for gases had not been documented previously in the literature and we do so here (see Appendix), including the correction. After the correction we find that the global lifetime of tropospheric gaseous Hg(II) against wet deposition is reduced from 104 days to 46 days (the lifetime is relatively long because of the large fraction of the inventory in the upper troposphere).
We discussed above the tentative evidence for fast reduction of Hg(II) in power plant plumes. No such constraints are available for Hg(II) reduction in the background atmosphere. In models, Hg(II) reduction is generally assumed to take place by aqueous-phase photochemistry in clouds but is virtually unconstrained, with laboratory data for reduction rate constants spanning several orders of magnitude (Subir et al., 2011 and references therein). Past GEOS-Chem model studies have used Hg(II) reduction as a tuning parameter to reconcile emissions (natural and anthropogenic) with atmospheric Hg(0) concentrations (Selin et al., 2007) , and similar tuning has been used in other models as well Pongprueksa et al., 2008) . Here we use an incloud reduction rate constant decreased by 50 % from that in Holmes et al. (2010) , yielding a tropospheric Hg(II) lifetime of 2.4 months against reduction as compared to 1.7 months in Holmes et al. (2010) .
We evaluated the model against the same global set of land and cruise ship Hg(0) measurements used by Holmes et al. (2010) and our results are similar (not shown here). Our global budget of Hg is similar to those in Holmes et al. (2010) and Soerensen et al. (2010) . Global tropospheric burdens are 3600 Mg Hg(0) and 500 Mg Hg(II) (310 Mg gas and 190 Mg particulate). Net Hg(0) ocean evasion is 2900 Mg a −1 (14 Mmol a −1 ), which is consistent with Soerensen et al. (2010) and within the 90 % confidence intervals of 10-21 Mmol a −1 simulated by Sunderland and Mason (2007) . On a global scale, dry deposition is 2500 Mg a −1 (55 % Hg(0) (land only), 45 % Hg(II)), wet deposition is 3000 Mg a −1 , and deposition of Hg(II) via sea salt is 1600 Mg a −1 .
Comparison to surface observations
Simulated annual mean Hg(0), RGM, and PBM concentrations are shown in Fig. 1 . The correlation coefficients between the model and observations are r Hg(0) = 0.75, r RGM = 0.93, r PBM = 0.75, which suggests that the model has some skill in simulating the spatial distribution of Hg species. The normalized mean biases (NMB) of the model are -5 %, 117 %, and 18 % for Hg(0), RGM, and PBM, respectively. Adjusting the anthropogenic emissions to account for in-plume reduction greatly improves the model. Without in-plume reduction of Hg(II) the NMB values would be 210 % for RGM and 96 % for PBM, with r RGM = 0.81 and r PBM = 0.76. We performed a sensitivity simulation using Rutter and Schauer's (2007b) gas-particle partitioning relationship derived from their filter-based method (Fig. 3 , Table 2) to test the effect of a potential Tekran heating artifact. This yields r RGM = 0.92 and r PBM = 0.79, with NMBs of 11 %, and 237 % for RGM and PBM, respectively. PBM in that simulation is greatly overestimated. RGM in the model is maximum over the western US where warm air with low aerosol subsides from the free troposphere (Selin and Jacob,2008) . PBM is maximum over the Midwest and eastern US where PM 2.5 concentrations and anthropogenic Hg emissions are high. An important aspect of our PBM simulation is the assumption that anthropogenic Hg(p) in emission inventories is emitted as Hg(II) and thus available for gas-particle partitioning and reduction. If we viewed instead Hg(p) as a refractory fine aerosol, as in previous versions of GEOS-Chem, the NMB for PBM at the five sites would increase to 100 %. Even though a refractory Hg(p) is inconsequential for the global Hg budget in the model , it has a significant effect on surface air concentrations in source regions.
Simulated and observed monthly mean mixing ratios of Hg(0), RGM, and PBM are compared in Fig. 2 . The NMB of the model is −4 %, 117 %, and 18 % for Hg(0), RGM, and PBM, respectively with r H g(0) = 0.39, r RGM = 0.70, and r PBM = 0.56. The observed seasonality of Hg(0) at Thompson Farm, Experimental Lakes Area, and Pensacola is typical of northern mid-latitudes, with maximum in early spring and minimum in late summer/early fall. Photochemical destruction is thought to be the major process contributing to the summer decrease (Bergan and Rodhe, 2001; Selin et al., 2007; Holmes et al., 2010) . The concentration of Hg (0) at Reno and Milwaukee is much greater and more variable, likely reflecting local urban sources (Rutter et al., 2008b; ) that are not resolved by the coarse horizontal resolution of the model.
There is much greater spatial variability for observed RGM and PBM than for Hg(0), reflecting the shorter lifetimes. An implication is that variability in RGM and PBM is not significantly driven by variability in Hg(0). Engle et al. (2010) previously examined the seasonality of speciated Hg at nine sites across central and eastern North America, and reported large site-to-site variability that they attributed to a complex combination of processes including local point sources, exchange between the boundary layer and the free troposphere, and coastal effects. Temperature and aerosol concentrations also play an important role through the partitioning between RGM and PBM.
RGM concentrations are highest at Reno and Milwaukee in summer, both in the observations and in the model. The summer maximum at Reno is due to entrainment of RGM-rich free tropospheric air during deep diurnal mixed layer growth Weiss-Penzias et al., 2009 ). This entrainment is associated with low aerosol concentrations and high temperatures, so that there is little associated enhancement of PBM. suggest that the observed summer peak in PBM at Reno is due to extensive wildfire plumes during the summer of 2008 affecting the area (Arnott et al., 2008) , and this is consistent with other observations of enhanced PBM during wildfires (Friedli et al., 2003a, b; Finley et al., 2009 ). The elevated summer RGM at Milwaukee is due to regional anthropogenic sources in the Midwest (Rutter et al., 2008b) , with a corresponding enhancement of PBM in winter when low temperatures cause this anthropogenic Hg(II) to be partitioned into the aerosol. The high model PBM at Milwaukee in winter is due to a local overestimate of ammonium nitrate aerosol in GEOS-Chem, thought to be caused by excessive N 2 O 5 hydrolysis (L. Zhang et al., 2011b) .
RGM and PBM at Thompson Farm and Experimental Lakes Area peak in winter-spring, both in the observations and in the model. In the model, this seasonality is due to subsidence of Hg(II)-rich air from the upper troposphere and lower stratosphere (UT/LS). Observational evidence suggests that the UT/LS contains a large reservoir of Hg(II) (Swartzendruber et al., 2006; Faïn et al., 2009) . A parallel can be drawn to aerosol 7 Be, which is cosmogenically produced in the UT/LS and removed by deposition; sim- ilar to RGM, observations and models of 7 Be at northern mid-latitudes also show a winter-spring maximum (Liu et al., 2001; Yoshimori, 2005; Muramatsu et al., 2008; Alegría et al., 2010) . At Pensacola, the spurious summer peak of RGM in the model appears to be due to excessively deep boundary layer mixing. That site is affected by sea breezes, which are not resolved by the model and would restrict boundary layer growth.
Implications for Hg deposition
Gas-particle partitioning impacts the global spatial distribution of Hg(II) deposition in the model. Figure 5 shows the relative difference in total Hg(II) deposition between our standard simulation and a sensitivity simulation where all Hg(II) is deposited as a gas except for uptake by sea salt. Partitioning Hg(II) into the aerosol in our standard simulation increases deposition at high latitudes because particulate Hg(II) is scavenged by precipitating snow but gaseous Hg(II) is not. By contrast, it decreases deposition over dry subtropical regions because gaseous Hg(II) is efficiently dry deposited but particulate Hg(II) is not. The effect over tropical and subtropical oceans is small because there is little nonsea-salt aerosol and so Hg(II) is either in the gas phase or in the sea-salt aerosol (which is treated the same in the two simulations).
The extensive MDN (2011) wet deposition flux data in the US have been used in previous GEOS-Chem studies to evaluate the model deposition (Selin et al., 2007 Holmes et al., 2010) . Uncertainty in the MDN measurements is 10-25 % . A sensitivity simulation using the filter-based Hg(II) gasparticle partitioning relationship from Rutter and Schauer (2007b) yields a NMB of 6.9 % and r = 0.62. The model captures the observed regional maximum in the Southeast US though not the particularly high values along the Gulf Coast. Y. Zhang et al. (2011) show that a nested GEOSChem simulation with 1/2 • ×2/3 • horizontal resolution over North America has more skill at capturing these high values, perhaps due to better representation of deep convection. Our simulation improves over the previous GEOS-Chem version of Holmes et al. (2010) using Br as Hg(0) oxidant where the simulated eastern US maximum of Hg deposition was too far north. This largely reflects improvement of the washout algorithm (see Appendix and Wang et al. (2011) ). pointed out that the dominant modes of variability in the MDN data over the eastern US are a latitudinal gradient and a seasonal variation that decreases in amplitude with increasing latitude. Figure 7 compares observed and simulated seasonal variations of Hg wet deposition over the eastern US as a function of latitude, for the standard simulation and for sensitivity simulations with Hg(II) depositing either entirely as a gas or entirely as particles. For the standard simulation, r = 0.85 and the NMB of the model is −11 %. The standard model is able to capture the observed seasonal patterns of wet deposition and, except over the Gulf of Mexico, their latitude-dependent amplitudes. The sensitivity simulation with all Hg(II) depositing as particles and thus scavenged by snow shows significant overestimate of wet deposition in winter. This lends support to the notion that gaseous Hg(II) (∼50 % of total Hg(II) over US in winter, see Fig. 4 ) is not efficiently scavenged by snow. However, questions remain as to the MDN collection efficiency of snow (Sanei et al., 2010; Faïn et al., 2011) . We have used long-term measurements of RGM and PBM at five sites in North America to derive an empirical gas-particle Hg(II) partitioning coefficient as a function of PM 2.5 and temperature: log 10 (K −1 ) = (10±1)-(2500±300)/T where K = (PBM/PM 2.5 )/RGM, PBM and RGM are in common mixing ratio units, PM 2.5 is in µg m −3 , and T is in K. Implementation of this Hg(II) gas-particle partitioning in the global 3-D GEOS-Chem Hg model yields Hg(II) fractions in the particle phase ranging from more than 90 % in cold air masses with high aerosol burdens to less than 10 % in warm air with low aerosol. Relative to a model simulation assuming all Hg(II) to be in the gas phase, Hg(II) deposition is increased at high latitudes because particulate Hg is more efficiently scavenged by snow, and decreased at subtropical latitudes because particulate Hg is less efficiently dry deposited.
The resulting GEOS-Chem simulation was evaluated with RGM and PBM observations as well as wet deposition fluxes of Hg over the US. Besides Hg(II) gas-particle partitioning, our model includes improvements to the washout algorithm and a change in the Hg(0):Hg(II):Hg(p) emission speciation for fossil fuel combustion from 50:40:10 to 86.5:9.9:3.6 (Y. Zhang et al., 2011) . Adjusting the emission speciation in this manner greatly improves the simulation of RGM and PBM at North American sites. Little is known about the chemical or physical nature of primary Hg(p) included in current anthropogenic emission inventories. Here we assume that Hg(p) is emitted as Hg(II) and thus available for gas-particle partitioning. Previous versions of GEOS-Chem have assumed Hg(p) to be chemically inert but we find that this would cause an overestimate of PBM at North American sites.
We compared model results to seasonal observations of Hg(0), RGM, and PBM at the five North American surface sites used to construct the K(T ) parameterization. Observations in Reno and Milwaukee show particularly large summertime RGM that we attribute to subsidence of free tropospheric air (Reno) and regional anthropogenic sources (Milwaukee). Observations in rural New Hampshire (Thompson Farm) and Ontario (Experimental Lakes Area) show spring maxima in RGM and PBM that we attribute to UT/LS influence. These maxima are correlated in the model with cosmogenic 7 Be, suggesting that 7 Be measurements would be of value to separate global and local contributions in RGM and PBM observations.
Compared to the previous version of GEOS-Chem , our model shows an improved ability to reproduce the observed spatial distribution of MDN annual Hg wet deposition fluxes over the US. Holmes et al. (2010) had found that implementing Br as an Hg(0) oxidant degraded the model's skill at simulating the MDN data relative to the older model version (Selin et al., 2007; with oxidation by OH and O 3 . Our improved simulation of the MDN data (using Br as the Hg(0) oxidant) largely reflects improvements in the washout algorithm. We still underestimate MDN wet deposition in Florida. The observed wintertime minimum in Hg deposition in the MDN data is attributed to inefficient snow scavenging of gaseous Hg(II).
Appendix A GEOS-Chem algorithm for washout of soluble gases by rain
Below-cloud scavenging (washout) of gases by rain in GEOS-Chem is determined by Henry's law equilibrium but can also be limited by mass transfer for highly soluble gases (Levine and Schwartz, 1982) . The fraction F of gas scavenged from a grid box by washout over a time step t as determined by Henry's law equilibrium is
Here f is the areal fraction of the grid box experiencing precipitation, K * is the effective Henry's law constant (M atm −1 ) including any dissociation and complexation equilibria in the aqueous phase, R is the universal gas constant, T is temperature, and L p is the time-integrated rainwater content in the precipitating fraction of the grid box
where P (cm 3 water cm −2 surface s −1 ) is the grid-averaged precipitation flux through the bottom of the grid box and Z (cm) is the grid box thickness. For highly soluble gases, F may be limited by molecular diffusion to the raindrops. On the basis of the detailed mass transfer calculations by Levine and Schwartz (1982) for diffusion-limited uptake of HNO 3 , a maximum value F max for F is derived as
where k (cm −1 ) is a washout rate constant (k = 1 cm −1 ; Table 2 of Levine and Schwartz, 1982) . GEOS-Chem computes F and F max locally for every precipitating grid box and time step. If F ≤F max , we assume that washout is limited by Henry's law and the change in mass m of the soluble gas due to washout over t is then computed as
where m is the mass of the gas in the grid box and m T is the cumulative mass of gas scavenged via precipitation from above and entering the top of the grid box over t and over the grid box fraction f . Equation (A4) allows for partial reevaporation of the mass scavenged from above. If F >F max , we assume that washout is limited by mass transfer as given by Eq. (A3) and m is then computed as
where α is the fraction of precipitation falling through the top of the gridbox that evaporates within the gridbox and β is the fraction of this re-evaporation that involves total evaporation of raindrops (which releases the gas to the gridbox) rather than partial shrinkage (which does not). We assume β = 0.5 for α<1 and β = 1 for α = 1 (Liu et al., 2001 ).
Because of a coding error in GEOS-Chem, the algorithm described above was incorrectly executed in previous model versions so that washout of highly soluble gases (F > F max ) was underestimated except for HNO 3 (which was correct). This affected the scavenging of gaseous Hg(II), for which a Henry's law constant of 1.4×10 6 M atm −1 is assumed based on laboratory data for HgCl 2 (Lindqvist and Rodhe, 1985) . Correcting the error, as done here in the standard simulation, decreases the lifetime of tropospheric gaseous Hg(II) against wet deposition from 104 days to 46 days.
